352 Dr. Hopldnson and Messrs. Wilson and LydalL [Apr. 20, 



April 20, 1893. 

The LORD KELVIN, D.O.L., LL.D., President, in the Chair. 

A List of the Presents received was laid on the table, and thanks 
ordered for them. 

The following Papers were read : — 

L '-Magnetic Viscosity." By J. Hopkinson, D.Sc, F.R.S.^ 
E. Wilson, and F. Lydall. Eeceived March 8, 1893, 

The following experiments were carried out in the Siemens 
liO^boratory, King's College, London, and are a continuation of ex- 
periments by J. Hopkinson and B. Hopkinson, a description of whicli 
appeared in the ' Electrician,' September 9, 1892. 

In that paper determinations were given of curves showing the 
relation between the induction and the magnetising force, for rings of 
fine wire of soft iron and steel, through complete cycles with varying 
amplitudes of magnetising force, both with the ordinary ballistic 
method and with alternating currents of a frequency up to 125 
complete periods per second. It was shown that if the induction was 
moderate in amount, for example, 3000 or 4000, the two curves closely 
agreed ; but, if the induction was considerable, for example, 16,000, the 
curves differed somewhat, particularly in that part of the curve 
preceding the maximum induction. The difference was greater with 
steel than with soft iron. 

It was not then determined whether this difference was a true time 
effect or was in some way due to the ballistic galvanometer. The 
present paper is addressed to settling this point. 

The ring to which the following experiments refer is of hard steel 
containing about 0*6 per cent, of carbon, in the form of wire ^io i^^ 
diameter, varnished with shellac to ensure insulation. The material 
was supplied by Messrs. Richard Johnson. The ring is about 9 cm. 
diameter, and has a sectional area of I'OS sq. cm. ; it is wound with 
200 turns of copper wire, and with 80 turns of fine wire for use with 
the ballistic galvanometer. 

In the * Electrician ' paper the static curve of hysteresis was 
determined by the ballistic galvanometer, the connexions being made 
according to the diagram in fig. 1 : where R is the hard steel wire 
ring, B is the ballistic galvanometer, Si is a reversing switch, and S^ 
is a small short-circuiting switch for the purpose of suddenly insert- 
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ing a resistance Ri into the primary circuit. The resistance R^ was 
so adjusted that the maximum current in the primary circuit was 
such as to give the desired maximum magnetising force on the 
ring. 

In taking the kicks on the ballistic galvanometer the method 
adopted was as follows :— Having closed the primary by means of Si^ 
the switch S2 was suddenly opened, thus allowing the magnetising 
force to drop to an amount determined by Ri, and the kick observed. 
A total reversal was then taken with Si, and the kick again observed. 
The closing of S2 again brought up the magnetising force to its 
maximum in the opposite direction to that at starting. 

In a letter to the editor of the ' Electrician,* September 16, 1892, 
Mr. Evershed stated that " Had the slow cycle been obtained bj the 
method described by Mr. Vignoles,^ Messrs. Hopkinson would have 
found it in almost absolute agreement with the quick cycle curve." 

To settle this point the static curve of hysteresis was obtained bv 
the ballistic galvanonneter, the connexions being made according to 
the diagram in fig. 2. This is not the method of experiment alluded 
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to by Mr. Evershed, but it is capable of varying ihe magnetising 
force in the same way as is described by him. R is the hard steel 

* * Elecmcian,' May 15 and 22, 1891. 
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wire ring, B is tlie ballistic galYartometer, Si is a reversing switch, 
and Bz a small switch for the purpose of short-circniting the adjust- 
able resistance Ri. The difference between this diagram and that in 
fig. 1 is that E/i can be suddenly inserted into the primary circuit by 
one stroke of the reversing switch Si. In this way it is possible to 
vary tbe magnetising force from one maximum through zero to any 
desired point within the other maximum by one motion of the switch 
Si : which operation takes but a small fraction of a second to 
perform. 




In fig. 3 the points marked x were obtained by the method in 
^g, 1 ; the points marked • being obtained by the method in ^g. 2. 
Table I gives the values for B and H, from which these points have 
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been plotted, and tbeir close agreement proves that the difference 
found between tbe static and qnick cycle curves is not due to tbe 
cause suggested by Mr. Bversbed. In each case the battery used had 
a potential difference of 108 volts, the periodic time of the ballistic 
needle being 10 seconds. 

It was observed, when taking the hysteresis curve by the method 
in fig. 2, that the sum of the inductions found by varying the 
magnetising force from one maximum to an intermediate point, and 
from that point to the other maximum, did not exactly equal the 
induction got by varying the magnetising force direct from one 
maximum to the other. 

To investigate this with the ballistic galvanometer the magnetis- 
ing force (fig. 3) was taken from one maximum through zero to the 
point a by one motion of the reversing switch handle, and the 
galvanometer circuit closed at known intervals of time after such 
change, the deflection being noted. This deflection does not repre- 
sent an impulsive electromotive force, nor yet a constant current, 
but is caused by a current through the galvanometer diminishing in 
amount somewhat rapidly. It might arise from the comparatively 
slow rate at which the magnetising current changes, owing to the 
self-induction of the circuit, or it might arise from a finite time 
required to develop the induction corresponding to a given magnetis- 
ing force. The former would be readily calculable if the ring had a 
definite self-induction ; in our case it is approximately calculable. 

Let R be resistance of primary circuit, B the applied electromotive 
force, X the current, and I the total induction multiplied by the 
number of primary turns. 

dl 

B = 'Rx-¥-Tr ' 
at 

ISTow I is known in terms of m for conditions of experiment very 
approximately, and roughly dljdt has a constant ratio to dxIdt—iB 
equal, say, to Jj^dxldt) ; hence the well known equation 

dx 
E = RiT.+L ~j- J 

From our curves we see that induction per sq. cm. increases 
10,000, whilst magnetising force increases 4. Total induction multi- 
plied by the primary turns, taking the volt as our unit, increases 
10,800 X 200 X 10""^, whilst the current increases ^ an ampere, i.e., 

L = 4-82 X 10-^ 
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In tlie expei*iments made E = 4 and 108 volts and R = 0*8 and 
21*6 olinis, whence 

X = 5(l~6"~^-32) and 6 (l — e 4-32 ). 

In either case x does not differ sensibly from its final value when 
t =: ^ second. Hence the self-induction of the circuit can have 
nothing to do with the residual effects observed. 

These experiments showed that an effect was produced upon the 
galvanometer needle, appreciable for some seconds, the effect being 
somewhat more marked with 4 than with 108 volts. But the whole 
amount was so small as to be less than 1 per cent, of the total change 
of induction ; from which we infer that no material difference exists 
between curves of induction determined by the ballistic galvano- 
meter and the inductions caused by magnetising forces operating for 
many seconds. 

Bffect of tapping the Specmen. — Having taken the magnetising 
force from its maximum through zero to the point a as before, the 
effect of tapping was marked, especially in the case of soft iron, 
when a kick corresponding to an acquirement of 633 lines of induc- 
tion per sq. cm. was observed. 

The following experiments on the hard steel wire ring were 
carried out with the alternator, the object being to ascertain if a 
time effect on magnetism exists. The ballistic curve (fig. 3) has 
been taken as a standard with which to compare the respective 
hysteresis curves. In each case the maximum magnetising force has 
been made as nearly as possible to agree with that used when taking 
the ballistic curve, and the method of test was that employed in the 
'Electrician' paper. For the sake of completeness the diagram, 
fig. 4, and description are given over again. 

Quoting" from that paper, we have : " For determining the points 
on the closed curve of magnetisation given hj rapid reversals of the 
current in the coil, the ring was connected in series with a non- 
inductive resistance to the poles of an alternate current generator, 
or a transformer excited by the generator, thus : — ■ 

Fig. 4. 




je^.,jt 
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in wliicli A, B are the poles of the transformer or generator ; 0, D the 
terminals of the non-inductive resistance R ; H the coil surrounding 
the ring ; P and Q the studs of a reversing key connected to the 
quadrant of a Thomson quadrant electrometer ; L a key by means of 
which Q could be connected with or E at will ; and K a revolving 
contact maker, through which P was connected to D. A condenser 
was connected to P and Q, in order to steady the electrometer read- 
ings. The contact maker K was bolted on to the axle of the gener- 
ator. It consists of a circular disc of ebonite, about 13 in. in 
diameter, having a small slip of copper, about ~-^ in. wide, let into its 
circumference. A small steel brush presses on the circumference, 
and makes contact with the piece of copper once in every revolution. 
The position of the brush can be read ofE on a graduated circle. The 
quadrant electrometer thus gives the instantaneous value of the differ- 
ence of potential between the points and D, or the points D and E, 
according to the direction of the key L." 

Frequencies of 5, 72, aud 125 -^ per second have been tried, two 
values being given to the potential difference at the terminals of the 
alternator in each of the frequencies 72 and 125, making in all 5 
complete experiments. The curves so obtained are given in figs. 8, 
9, 10, 11, and 12 respectively. From observations of the values of 
the electromotive force between and D (fig. 4) at different times 
in the period, a curve A (in each experiment) was plotted, giving the 
magnetising force in terms of the time ; a similar curve was plotted 
for the electromotive force between D and E, which, when corrected 
by subtracting the electromotive force due to the resistance of the 
coil H, gives the potential or time rate of variation of the induction 
in terms of the time. Hence the area of this curve (B) up to any 
point, jplus a constant, is proportional to the induction corresponding 
to that point. This is shown in curve 0, which is the integral of B. 
In each of the five experiments the ring with the non-inductive 
resistance was placed across the terminals of the alternator, and the 
excess of potential taken up by a non-inductive resistance. 

In ^g, 5 the hysteresis curves for frequencies of 5, 72, and 125 
are compared with the ballistic curve. These curves are marked 5, 
72L, and 125L respectively. The corresponding values for B and H, 
from which these curves have been plotted, are given in Tables II, 
III, V, which liave been obtained from the curves in figs. 8, 9, and 
11 respectively. 

The most noteworthy features in these curves are that the curve 
with a frequency of 5 is very near the ballistic curve, if allowance 
is made for difference in the magnetising current, and that the curves 
with a frequency of 72 and 125 deviate very materially, particularly 
iri the part of the curve somewhat preceding the maximum induction. 
Hence the time effect mainly develops with a greater frequency than 
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5 per second. Hence also we infer tliat this effect, as already described 
in the * Electrician,' is a true time effect, not arising in any way 
from the ballistic galvanometer. 

In ^g. 6 the hysteresis curves for a frequency of 72 are compared 
with the ballistic curve. The curves are marked 72L and 72H 
respectively, the potentials at the terminals of the alternator in the 
two cases being approximately 36 and 430 volts. The corresponding 
values for B and H are given in Tables III, IV, which have been 
obtained from the curves in figs. 9 and 10 respectively. 

The difference between the two curves in fig. 6 was at first 
puzzling, but a little consideration satisfied us that it arises from the 
same time effect. The curve 72L was determined three times, with 
the same result. The numerals refer to thirtieths of a half -period. 
From 26 to 28*8 of the L curve the magnetising force increases from 
31*8 to 45*6, whilst from 21 to 26 of the H curve it increases from 
30*6 to 44, the rate of change being about double as great in the 
former case as in the latter, and it is the L curve which deviates 
most from the ballistic curve. In like manner, in the neighbourhood 
of zero induction, the induction in the H curve is changing twice as 
fast as the induction of the L curve, and it is here the H curve which 
differs most. How these differences of rate of change arise can be 
seen by inspecting figs. 9 and 10. 

In fig. 7 the hysteresis curves for a frequency of 125 are compared 
with the ballistic curve. The curves are marked 125L and 125H 
respectively, the potentials at the terminals of the alternator being 
approximately 62 and 750 volts. The corresponding values for B 
and H are given in Tables Y and VI, which have been obtained from 
the curves in figs. 11 and 12 respectively. 

These curves show the same difference as ^g. 6, but less markedly 
than in fig. 5. The L curve was determined twice. 

Experiments have been made upon chromium steel, supplied by 
Mr. Hadfield, having the following composition: — 0'71 per cent, 
carbon, 9*18 per cent, chromium, when annealed, and when hardened 
by raising to low yellow and plunging into cold water. The results 
show that the same time effect exists in this case, although it was not 
so marked as in the case of the hard steel. 

- We draw the following conclusions from these experiments: — 
(1.) As Professor Ewing has already observed, after sudden change 
of magnetising force, the induction does not at once attain to its fall 
value, but there is a slight increase going on for some seconds. (2.) 
The small difference between the ballistic curve of magnetisation with 
complete cycles and the curve determined with a considerable fre- 
quency, which has already been observed, is a true time effect, the 
difference being greater between a frequency of 72 per second and 
5 per second than between 5 per second and the ballistic curve. 
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Table I. — Hard Steel-wire Ring. 



H. 


B. 


Points marked x 


Points marked • 




obtained by 


obtained by 




method shown 


method shown 




in fig. 1. 


in fig. 2. 


+ 44-12 


16,295 


16,436 


34-77 


15,830 


15,650 


25-44 


+ 14,407 


14,290 


19-32 


« • 


9,539 


16-1 


• • 


+ 1,704 


14-2 


- 4,045 


~ 4,130 


7-73 


12,690 


12,820 





• • 


14,280 


~ 7-73 


14,870 


14,990 


14-2 


15,270 


15,380 


16-1 


• • 


15,460 


19-32 


• • 


15,630 


25-44 


15,733 


15,860 


34-77 


16,033 


16,150 


44-12 


16,295 


16,436 



Table II. — Frequency 5 per second. 



B. 


H. 


16,660 


41-7 


15,200 


34-4 


13,010 


25-1 


10,190 


19 -95 


+ 3,970 


17-1 


- 1,230 


15-3 


5,340 


14-1 


9,176 


12-3 


12,007 


9-4 


13,377 


+ 3-4 


14,382 


- 6-6 


14,747 


14-4 


15,203 


22-0 


15,296 


26-85 


15,477 


30-86 


15,523 


35-75 


15,660 


41-7 
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Table III, — Frequency, 72 per 
second. Potential at Term- 
inals of Alternator, approx- 
imately '^Q Yolts. 



Table IV". — Frequency, 72 per 
second. Potential at Term- 
inals of Alternator, approx- 
imately 430 Yolts. 



B. 


IT. 




B. 


H. 


16,245 


+ 45 -7 


16,221 


43 -98 


16,180 


45-5 




16,214 


44-32 


15,215 


39-9 




16,069 


42-75 


13,410 


31-7 




15,919 


40-61 


7,805 


21-3 




15,685 


37-25 


+ 1,805 


17-8 




15,299 


34-33 


- 3,030 


15-8 




14,299 


30-97 


7,027 


14-3 




12,689 


27-6 


10,121 


12-6 




9,839 


24 -91 


12,506 


9-86 




o,539 


21-88 


14,118 


4-26 




+ 999 


19-3 


14,956 


- 5-44 




- 5,073 


16-6 


15,407 


15-86 




9,609 


14-36 


15,729 


24 -77 




12,300 


11-22 


15,923 


31-1 




13,530 


7-18 


16,116 


35-4 




14,145 


+ 2-24 


16,219 


40-9 




14,991 


- 8-08 


16.245 


45-7 




15,452 


17-72 


. i 






15,644 
15,814 


25-13 

29-62 










15,914 


33-66 






16,122 
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second. Potential at Term- 
inals of Alternator, approx- 
imately 62 Yolts. 



second. Potential at Term- 
inals of Alternator, approx- 
imately 750 Yolts. 
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1 


11,732 


26-48 
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16,565 
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33 'QQ 


13,930 


30 -18 


11,544 


27 -15 


8,411 


23-78 
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- 565 
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5,396 


16-83 


9,474 


14-36 


12,862 


10-77 


14,368 


1-12 
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- 9-20 


15,873 
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